Propagation modeling is an important component of system design, and helps to avoid surprises when the actual service begins, in the case of wireless systems. Te sting of various available models with experimentally generated data helps to identify a suitable model that can be deployed fo r the design of a future generation of mobile communication systems. This requires raising new data sets, which can be achieved by conducting experiments. With this objective, the present study reports the narrowband signal-level measurements of 11 GSM base stations in the urban, dense urban, and suburban regions of Delhi, in northern India. Comparison of the observed data was carried out with electromagnetic models such as AW AS, and other empirical models, such as ITU-R, Cost 231 Hata , Wa lfisch-Ikegami, and Dmitry. Based on the comparisons, mean prediction errors and standard deviations were deduced . High-path-Ioss exponents close to the base station were observed. The AW AS electromagnetic code and ITU-R methods showed good agreement with the observed results, compared with other methods.
F
requencies currently used by public-safety organizations, other emergency services, and cellular systems are typi cally below 2.4 GHz. Only the 3G services and WiMAX broadband services are being allocated to frequencies between 2 GHz to 3.5 GHz. The path-loss information in these fre quency bands is vital for the determination of the coverage area of the transmitter station, base-station placement, and optimizing these. Small-scale parameters usually provide sta tistical information on local field variations [1] . An extensive survey of various propagation models for mobile communica tion was given by Sarkar et al. [2] . They described the models suitable for macrocell and microcell scenarios suitable for an outdoor environment.
To improve the performance of existing services and to design new systems, modeling of radio wave propagation effects is essential. It gives insight into the propagation mechanisms and phenomena affecting wireless communication. Such insight can be achieved by generating new data sets, and by comparing the existing models with the observed data and modifYing the models to suit the specific conditions of given sites. With regard to this aspect, Medeisis and Kajackas [3] presented a comparison of the Hata model with measurements in urban and rural zones in Lituania in the 160, 450, 900, and 1800 MHz bands, and presented modified coefficients over these regions. Based on extensive data sets recorded over northern, western, eastern, and southern regions of India in the VHF and UHF bands, Prasad et al. [4] carried out model tuning of the well known Hata model over these regions, and presented new sets of offset fa ctors and slope parameters. Stem et al. [5] described the development of an adaptive RF propagation prediction program for land mobile radio systems. The program was based on transmitter power, frequency, base and mobile antenna heights, and data files of signal-strength measurements. Anthony Lion et al. [6] claimed that their study was the first study to compare the path gain and signal fa ding on fixed non line-of-sight links in suburban macrocell environments over the frequencies of 220 MHz, 850 MHz, and 2 GHz. They reported that the signal-fade depth dropped off rapidly as the frequency decreased. It varied with distance, time, and averaged wind speed. A link that experienced severe fading at 1.9 GHz was relatively unaffected at 220 MHz Sarkar et al. [7] showed that when the antenna was placed on top of a mobile communication tower it produced undesirable effects. The signal strength fluctuated due to interference, with maxima and minima. If the antenna was located 100 m or higher, the lobe effects were reduced, due to the weakening of the image component due to losses in the ground. Using the electromagnetic simulation tool AW AS [8] , based on the Sommerfeld fo rmulation, they showed that the computed fields were very close to Okumara's [9] experimentally observed results. It was observed that the tool produced more-interesting results in the near-field region than in the far-field region. In another paper, Sarkar et al. [10] advocated the concept of placing the transmitting antenna closer to the ground, which required less transmitter input power to achieve higher capacity. They showed that capacity can be increased by tilting the antenna slightly upward, in order to minimize the interference between the fields produced by the antenna and its image.
Keeping this objective in view, in the present study, an attempt is made to investigate the suitability of various pre diction models using 1.8 GHz cellular frequency narrowband measurements, conducted in urban and suburban areas of Delhi, in northern India. In total, 11 base stations were utilized in the study. Out of these, three stations fe ll into the urban category, six were in the dense urban category, and two were in the suburban category. The observed signal levels, converted into path-loss values, were compared with different empirical models. Apart from this, the major contribution of this study is the comparison of the above results with the results predicted by the A WA S electromagnetic code in the near-field and far-field zones. The deviations of all the methods and standard deviations are presented. Path-loss exponents and breakpoint distances were deduced. Some preliminary results ofthese measurements pertaining to dense urban regions were presented in [11] .
Experimental Details
The carrier signals of various GSM base-station transmit ters, located in the dense-urban/urban environments of the New Delhi area, operating in the 1.8 GHz band and belonging to the Idea cellular network, were monitored. This was done with a Nokia GSM receiver (model 6150), generally used as a drive-in tool for planning cellular networks, along with a GPS receiver to determine the latitude and longitude of the mobile. The sensitivity of the receiver was -102 dBm. The transmitting power of all the stations was +43 dBm. The receiving equipment was installed in a vehicle, along with a data-acquisition system. The vehicle moved on a normal road at a permissible speed in the traffic, and the downlink signal strength was monitored by the receiver. The observed signal levels were converted into path-loss values for further analysis, based on the received signal level, the transmitter power, and the transmitting and receiving antenna gains. Out of the 11 stations, three were located in urban environments, six were located in dense urban environments, and the remaining two were in suburban environments. The details of the base stations are shown in Table 1 . The estimated measurement rms error was around 1.5 dB.
The height of the mobile antenna was 1.5 m.
Prediction Methods
The fo llowing prediction methods were utilized in this study:
1.
The AW AS numerical code, based on electromag netic modeling [8] . The ITU-R method [12] .
3. The Dmitry model [13] .
4. The COST 23 1 Walfisch-Ikegami method [14] .
5.
The COST 23 1 Hata method [15] .
The AW AS

Numerical Electromag netic Code
The AW AS electromagnetic code was utilized to compare the predictions in the near-field and far-field zones. It was utilized to compute the path-loss values for different values of dielectric constant and a conductivity of 2 x 10--4 over real ground. This commercially available computer program is capable of analyzing wire antennas operating in transmitting and receiving modes, as well as analyzing wire scatterers. Dif ferent values of dielectric constant for dense urban, urban, and suburban regions were incorporated into the computation ofthe AW AS simulation. Reference [16] gave relative dielectric constants fo r various types of ground and environments. It gave values of3 to 5 for city industrial areas. Hence, a value of 4 was used in the A WA S simulation for dense urban base stations. The same reference gave a value for the relative dielectric constant of 10 for fe rtile lands, and a value of 15 for agricultural lands. In the present study, there were no regions of fe rtile land and agricultural lands, but there were urban and suburban regions, along with the dense urban region. The type of ground was basically more or less the same in all the cases, and the differences come in the degree of urbanization. In [7] , a value of 4 for the relative dielectric constant was chosen for an urban region, when real earth with imperfectly conducting ground was considered. Keeping these aspects in view, we carefully chose a value of 6 for the relative dielectric constant for urban base stations, and a value of 8 fo r suburban base stations, in the A WA S simulation.
The technique was based on the two-potential equation for the distribution of wire currents. This integro-differential equation was solved numerically using the Method of Moments, with a polynomial approximation for the current distribution. The influence of the ground was taken into account using Sommerfeld's approach, with numerical-integration algorithms developed exclusively for this program. The program evaluated the fields in the near-field and far-field regions, and these were converted into path losses to compare with the observed values.
The Dmitry Model
The Dmitry method fa lls under the stochastic category. In the case of the Dmitry method, the propagation modeling was done by explicitly considering random diffuse scattering at the street level in the vicinity of the mobile, and propagation over clutter, as deterministic problems. The authors compared their model over an urban environment with the COST 23 1 Hata, and Walfisch-Bertoni models at 2 GHz. This was done for a base-station antenna height of 25 m, a clutter height of 20 m, a street W I dth of 30 m, and a mobile-antenna height of 2 m. In another study, Yarkoni and Blaunstein et al. [17] investigated the total received signal for a mobile antenna in an urban region, based on a multi-parametric stochastic approach. The authors claimed that their equations could predict different propagation situations and path losses in various urban channels for different heights of base-station and mobile-terminal antennas.
The ITU-R Model
ITU-R Recommendation 1411-4 provided a prediction capability for outdoor short-range radio-communication sys tems and radio local area networks in the frequency range of 300 MHz to 100 GHz. It give closed-form algorithms for both site-specific and site-general calculations. The model is appli cable to urban high-rise, low-rise urban, suburban, residential, and rural areas. In the case of a dense-urban or urban-under non-line-of-sight category, the range of applicability of this model is for a base-station antenna height ( hb ) from 4 to 50 m, a mobile antenna height (hm) from 1 to 3 m, a frequency (f) from 800 to 5000 MHz, and for 2 to 16 GHz for hb < hm and distance (d) from 20 to 5000 m.
In the case of suburban regions, any height � can be used, with Ahb from 1 to 100 m (Ahb is the difference of the base-station and average roof heights), Ahm from 4 to 10 m ( Ah is the difference of the roof height and the mobile heights), m a street width (w) ranging from 10 to 25 m, and d from 10 to 5000 m. Multi-screen diffraction terms are incorporated to account for roof-top diffractions in the urban zone. Here, the average roof-top height was used. In the non-line-of-sight (NLOS) category for rooftops of similar height, the loss is expressed as the sum of the free-space loss, the multi-screen diffraction loss, and the loss due to coupling of wave propaga tion along the multi-screen path into the street where the mobile is located. Here, the width of the street was taken into consideration. For more details, the reader can refer to the ITU-R recommendation. In the case of suburban zones, a propagation model based on Geometrical Optics is given.
The Wa lfisch-Ikegami Method
This is one of the most widely used analytical models for predicting the path loss. It consists of a combination of the Walfisch and Ikegami models. Here, the path loss is the com bination of the free-space loss, multiple knife-edge diffraction to the top of the final building, and single diffraction and scattering processes down to street level. The model is appli cable to frequencies between 800 to 2000 MHz, hb between 4 and 50 m, hm between 1 and 3 m, and distances between 200 to 5000 m. The performance of the model is poor when hb is less than hr ' In the present study, this model was utilized for street widths of 20 m and roof heights of 12 and 15 m.
The COST 231 Hata Method
The Okumara-Hata model for medium to small cities was extended to frequencies between 1500 and 2000 MHz. The last term became zero for medium-sized cities and suburban areas, and was 3 dB for metropolitan areas. The model was applicable to distances between 1 and 20 km, hb of 30 to 200 m, and hm of 1 to 20 m.
Results
A comparison of the above-discussed models with the observed results for all of the eleven base stations was carried out, and is presented in The variation of the path loss was more significant at distances close to the transmitter, i.e., in the near-field region. Hence, comparison of the results in the near-field region was more important. The near-field distances, computed based on the antenna height and wavelength, are also shown in Table 1 . For the case of the VDR base station, data in the near-field region was not available. 
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."" to 3. In all these three figures, at distances very close to the transmitter, high path-loss values with large variances, ranging fr om 100 to 160 dB, were observed. At distances around 500 m or so, the path losses decreased and stabilized around 150 dB, and remained around this value for the remaining distances. In Figure 1 , the AW AS and ITU-R model curves passed through the center ofthe observed data in the near-field region, showing agreement with the average value of the observed loss. In Figure 2 , the above model curves passed through the lower edge of the observed loss, showing less agreement in the near-field region, and slightly better agreement in the far-field region.
In the A WA S simulation, the computation of the path loss was carried out by taking a vertical dipole located over an imperfect ground plane, whereas in the measurements, a high transmitting-gain antenna was employed. This discrepancy might have given rise to prediction errors with the A WA S method. In the near-field zone, the variability of the observed path loss was high compared with the far-field zone. In Fig  ure 1 , between distances of 2500 to 4000 m, the observed path loss remained less variable, and was confined to a thin patch around 145 dB, unlike smaller or larger distances. This proba bly was due to wave-guiding effect between buildings in this range of distances. In Figure 2 , losses computed using AW AS fo llowed the observed values very nicely until the maximum .'" ... Oistanc.e(ml distance part of the observed path-loss clusters in all the figures. The Dmitry model underestimated the observed values by 20 to 30 dB in all the figures. In Figures 4 and 5 , both the A WA S and ITU-R curves fo llowed the observed values throughout the range of distances. This could be due to the fa ct that these observed path-loss values did not decrease further after a certain distance, and remained more-or-Iess parallel to the distance axis. In Figure 7 , the path loss remained less variable between distances of 1500 to 2000 m, similar to Figure 1 between distances of 2500 to 4000 m. This might have been caused by the signal undergoing a wave-guiding phenomena, and radio waves being reflected and diffracted between the buildings. Similarly wave-guiding exhibited in the urban region was seen in Figure 2 . In Figure 9 , the observed data was available only fr om 600 m onwards to 1800 m. There, the COST 23 1 Hata and Walfisch and Ikegami curves fo llowed the observed values. The curve for Dmitry's model fo llowed through the lower half of the observed path-loss values.
Suburban Region
In Figure 10 , at distances close to the transmitter and up to 1000 m or so, the path loss varied fr om 100 to 150 dB. At distances beyond 1500 m, it was confined to between 130 and 150 dB . Here, in the suburban region, the AW AS curve passed through the center of the cluster of observed path-loss values. Both the Hata and Walfisch and Ikegami curves fo llowed the A WA S curve from 2000 m onwards, and give good agreement until 2000 m. The ITU-R curve and the curve for Dmitry's model underestimated the observed values. In the ITU-R model, the prediction approach of the model varied fr om the urban to suburban region. This could be the reason why in urban and dense urban regions it gave better agreement, and deviated appreciably in the suburban zones. In Figure II , data was available fr om 4000 m, and the trend was similar to the other base stations.
Standard Deviations of the Prediction Methods
Based on the above comparisons, prediction errors of the models from the observed values were deduced, where the prediction error was given by the difference of the observed and predicted values. The standard deviations of all the base stations for the above methods were deduced, and are shown in Table 2 .
In Table 2 , the prediction error was calculated as the difference between the observed and predicted loss for each method. While deducing standard deviations and mean pre diction errors for each base station, data points starting from 200 m onwards were utilized for all the methods. No predic tion method gave agreement at distances before 200 m, roughly corresponding to the breakpoint distances (these are explained in detail in Section 7). In the urban/dense-urban regions, the A WA S numerical code predicted the lowest standard deviation Table 2 . The mean errors (ME) and standard deviations (SD) (in dB) of the prediction methods.
AW AS
ITU-R Base Station ME SD ME SD For all the base stations in the group of urbani dense-urban base stations taken together, the average standard deviation for the AW AS method was 9.49, and the average error was -3 .78.
The corresponding values of average standard deviation and average error fo r the other methods were as fo llows: for ITU-R, 10.38 and -5 .83; fo r Walfisch and Ikegami, 20.73 and 0.02; for COST 23 1 Hata, around 19.99 and 0.305; and for Dmitry, 23.7 and 23.05. Compared with other the methods, the AW AS and ITU-R methods gave lower values of deviation and mean prediction error when all stations were taken together, and also when the stations were individually examined.
In the case of two suburban base stations, AW AS gave an average deviation of 9.62 and an average error of -13.00. The corresponding values for ITU-R were 6.43 and -1 .74; for Walfisch and Ikegami, they were 9.26 and 16.17; for COST 23 1 Hata, they were 9.2 and -16.4; and for Dmitry, they were around 1.91 and 11.36. In this case, the lowest deviation was seen for the Dmitry model.
Path-Loss Exponents
The observed values of path loss for all the base stations were computed for distances ranging from 50 m to 3.5 km.
WI
COST 231 Hata Dmitry ME SD ME SD ME SD The path-loss exponents, n, for the data were computed fr om Equation (1) using the observed path losses for various dis tances:
where L is the path loss deduced for various distances, L o is the path loss at one meter, d is the distance in meters, and S is the shadow fa ding in dB. Using the approach given in reference [18] by Erceg et aI., the path-loss exponent, n, was computed. In Equation (1),
where A, is the wavelength corresponding to 1800 MHz, and d o is taken as one meter. As noted, S is the shadow-fading variation, and varies fr om location to another within a given macrocell. It tends to be Gaussian in a given macro cell, denoting shadow fa ding as lognormal. It can be expressed as S = ya , where y is a zero-mean Gaussian variable of unit stan dard deviation, and a is the standard deviation of S, itself a Gaussian variable over macrocells. L is taken from the observed path-loss values.
Using the above values, the path-loss exponent, n was deduced. In general, at distances close to the transmitter, exponents of the order of 7 were observed, and then they fe ll steeply up to a value of 4 around 400 m. They remained steady for the remaining distances. A typical plot of the above variation of the exponent for base station OM-l is shown in Figure 12 . At distances close to the transmitter, exponents of 6 to 7 were observed, and they start fa lling steeply up to 300 m, stabilizing around 3.5. Figures 13 and 14 depict the variation of the path loss exponents for base station MAM, representing an urban region, and base station BJV, representing a suburban region. In Figure 13 , the exponents started falling between 6 to 7 and, at a distance of 200 m, stabilized around 3.5. In Figure 14 , same trend was exhibited, and at around 300 m or so, the exponents stabilized to a value of 3. It is well known that in the near-field regions, the path-loss exponent is 3, due to the static nature of the fields. The path-loss exponent should be around 6, as there is no static nature in it. Figures 12-14 , showing the variation of the path-loss exponent as a function of distance, depict high path-loss-exponent values at distances close to the transmitter, and they fe ll steeply until the breakpoint distances. Beyond these values, the exponent remained more or less stable. In the path-loss-exponent diagrams (Figures 12-14) , the curve turned at an exponent of 4. This was in accordance with Sommerfeld's proposition that the field over an imperfect ground plane decays with an exponent of 2, and not 1, when the antenna is situated over a perfect ground plane.
From the same theory, it is clear that the exponent would be expected to be around 4, which originates fr om the principles of physics, and not from any statistical theory. In other words, the present data substantiated many of Sommerfeld's findings.
Sarkar et al. [7] showed that when an antenna is placed on the top of a cellular tower, it produces a highly undesirable radiation pattern. Moreover, the signal strength goes through a series of maxima and minima, even though the antenna is located and radiating in fr ee space.
This type of radiation pattern for a dipole transmitting antenna is natural, due to interference between the fields from the original dipole with its image created by the presence of the ground, and is not due to the buildings, as no building parameters were present in A WA S. If the antenna is located at 100 m or above, as in a microwave line-of-sight link, lobe effects in the pattern will be minimized, as the strength of the image will be reduced due to losses in the ground. Sommerfeld's theory predicts the effects of the surface wave will be minimal as one goes away from the antenna, and the interference between the space wave and the surface wave will be less, reducing the lobe effects in the pattern. This has been exhibited by the above discussed path-loss-exponent diagrams, with variations that came strongly in the near-field region due to the antenna height situated between 20-30 m.
Breakpoint Distances
The breakpoint was computed as the distance at which the slope of the curve (the path-loss exponent as a fu nction of distance) changed. In Figure 1 , it changed at 200 m. In the case of the other base stations, the same approach was fo llowed, and the values are shown in Table 3 .
Discussion
In the case of Erceg et al. [18] , who also made extensive measurements at 1.9 GHz in New Jersey, Seattle, and Chicago, high path losses close to the transmitter were observed. The loss then decreased linearly with distance. In the present study, the path loss fe ll steeply up to 0.5 km. The nature of the variation of the path-loss exponent in the present study resembled the variation in the study of Erceg et al. Steep transitions of path loss occur when the base-station antenna's height is close to the height of the surrounding buildings' rooftops. Hence, the height accuracy of the base-station antenna is especially significant if large prediction errors are to be avoided [19] . Milanovic et al. [20] observed that in dense-urban regions, measurements showed a very interesting fe ature. The path loss after the breakpoint did not increase with distance. This could be due to the wave-guiding effect of city streets, as well as the existence of radio wave components, reflected and diffracted by buildings, reaching the receiving antenna. The path-loss exponent in the present study showed this kind of trend. Herring et al. [2 1] observed a large variance in the received power as a fu nction of distance. This showed that using a single value of path-loss exponent for a particular neighborhood, as assumed in popular empirical models, can lead to large errors in path-loss estimates.
For links with lengths of 1 km, the number and types of objects between the transmitter and receiver can vary significantly as a function of direction, thus leading to this result. A similar large variance was also observed in the present study, showing that path-loss exponents vary even in a given macrocell.
In an urban scenario, propagation can take place both in the vertical and horizontal planes. In the vicinity of a base sta tion, horizontal propagation plays the dominant role, and at distances far away from the base station, vertical propagation (rooftop propagation) dominates. The relative importance of the two depends on the height of the base station. The higher the base station, the sooner the vertical component dominates. The major fe ature coming from the study is the high path-loss values observed close to the transmitter. They fe ll steeply up to distances between 200-500 m, corresponding to the break point, and then showed moderate variations beyond the break point. Since two slopes were seen, we thought that until the breakpoint, the dominant propagation mechanism was hori zontal, and beyond this, the propagation mechanism changed into vertical. We fe el this proposition comes from the physics point of view. The point of interest in this is that the height of the transmitting antenna becomes crucial for deciding the position of the breakpoint, where the propagation mechanism changes from one mode to the other. In fa ct, most of the results from this study were clearly explained in accordance with Sommerfeld's theory. This was also observed by Barbiroli [22] . They observed that both mechanisms were present at all distances, and the distance at which the dominant mode changed from horizontal to vertical depended on the base station antenna's height. Hence, the accuracy of the height of the base station's antenna is especially significant if large prediction errors are to be avoided. High path losses close to the transmitter require higher margins from operators. The deviation of all the prediction methods at closer distances to the transmitter was high, due to the large path-loss variation. 
Conclusions
In the macro-cellular urban, dense-urban, and suburban regions of Delhi, narrowband signal-level measurements were carried out using the 1.8 GHz GSM band, for 11 base stations. The observed results were compared with the AW AS electro magnetic code, the ITU-R method, the Walfisch-Ikegami method, the COST 23 1 Hata method, and the Dmitry method. An analysis of prediction errors and standard deviations showed that the AW AS electromagnetic code and the ITU-R methods reported good agreement and lower standard devia tions, compared with the other methods. The advantage of using the A WA S electromagnetic code was that it did not require any building information. It was able to compete with other empirical methods, and fo llowed the trend of observed data in most ofthe cases.
High path losses and large path-loss variances observed at closer distances to the transmitter were not explained by the prediction methods. It seems that until the breakpoint, the dominant propagation mechanism was in the horizontal mode, and beyond this it changed into the vertical mode.
The usefulness of this study was the comparison of the values predicted by AW AS in the near-and fa r-field regions of base stations. Path-loss exponents and breakpoint distances were computed and presented. The high path-loss exponents observed could cause operators to rethink the margins provided by them. This study is useful for the design of upcoming 3G and WiMAX systems in these regions and in similar regions.
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